Surface enhanced Raman spectroscopy (SERS) is a rapid and highly sensitive spectroscopic technique that has the potential to measure chemical changes in bacterial cell surface in response to environmental changes. The objective of this study was to determine whether SERS had sufficient resolution to differentiate closely related bacteria within a genus grown on solid and liquid medium, and a single Arthrobacter strain grown in multiple chromate concentrations. Fourteen closely related Arthrobacter strains, based on their 16S rRNA gene sequences, were used in this study. After performing principal component analysis in conjunction with Linear Discriminant Analysis, we used a novel, adapted crossvalidation method, which more faithfully models the classification of spectra. All fourteen strains could be classified with up to 97% accuracy. The hierarchical trees comparing SERS spectra from the liquid and solid media datasets were different. Additionally, hierarchical trees created from the Raman data were different from those obtained using 16S rRNA gene sequences (a phylogenetic measure). A single bacterial strain grown on solid media culture with three different chromate levels also showed significant spectral distinction at discrete points identified by the new Elastic Net regularized regression method demonstrating the ability of SERS to detect environmentally induced changes in cell surface composition. This study demonstrates that SERS is effective in distinguishing between a large number of very closely related Arthrobacter strains and could be a valuable tool for rapid monitoring and characterization of phenotypic variations in a single population in response to environmental conditions.
Introduction
Techniques that allow for rapid identification of the physiological status of a single cell or microbial population is in demand because these could potentially be useful in exploring sample heterogeneity.
1,2 Raman spectroscopy is a measure of the molecular composition of cellular surfaces via vibrations specific to molecular bonds and molecular symmetries on the surface of a sample. 3 The presence of certain bonds on cell surfaces relates to the diversity of carbohydrate, protein and lipid composition of the external cell surface. Many of the differences in the makeup of these molecules result from environmentally induced differential gene expression and as a result are indicative of how a cell responds to, and interacts with its environment. Surface enhanced Raman spectroscopy (SERS) has been shown to be an effective method for the detection and identification of many medically relevant microbes. 4 SERS has also been shown to be accurate in differentiating eight Bacillus species when multiple strains of each species were included to capture variations within a species. 5 However, investigations exploring the limit of discrimination based on small-scale physiology changes when closely related bacterial strains are grown under different culture conditions have been sparse.
Much of the research in microbial discrimination using SERS has been focused around phylogenetic classification, 6 but SERS has also been used to study the physiological status of bacterial cells. [7] [8] [9] [10] The Raman spectra of single Clostridia cells in batch cultures was found to chemically vary between cells with clearly distinct cellular morphologies. 7 However, this study focused on single cell variation and did not statistically analyze these variations across the population. Other studies have also shown that SERS spectra are influenced by growth conditions such as temperature, media composition and incubation time (or growth stage). [8] [9] [10] These studies, while still focused on phylogenetic classification, indicated that by changing culture conditions the hierarchical cluster analysis results also changed but each species could still be differentiated by a supervised statistical classification method, Support Vector Machines (SVM) or Linear Discriminant Analysis (LDA), with a high degree of accuracy.
The significant spectral differences between samples are often limited in number and can be difficult to identify among all the common spectra. Therefore, multivariate statistical methods are usually applied to extract biochemical information, statistically classify organisms and build relationship trees using the entirety of the spectrum. 4, 8, 11, 12 The method of statistical classification used is important because in practice, SERS could be used to identify the spectrum of an unknown sample by comparing it to a library of spectra from known bacteria. In the case where physiological status of an unknown is being assessed the library would be composed of spectra from controls grown under conditions relevant to the experiment. While a variety of statistical methods have been used that attempts to differentiate a bacterium based on its spectrum, they have yet to be done in a manner that emulates the process of validation of an ''unknown sample.'' We propose the use of an adapted cross validation approach to analyze the efficacy of using a set of known spectra to characterize an unknown spectrum.
This study was aimed at assessing the reliability and efficacy of SERS for discriminating very closely related microbial strains based on differences in surface composition when grown under different culture conditions. The two objectives are: (1) determine whether SERS can differentiate between fourteen very closely related Arthrobacter strains grown on liquid versus solid medium, (2) determine whether SERS can detect differences in surface composition of a single bacterial strain grown in different chromate concentrations. These two comparisons address the feasibility of using SERS to detect distinct surface compositional differences related to environmentally induced cellular responses.
Experimental Bacterial strains and growth conditions
Fourteen Arthrobacter strains (16- 6, 16-22, 25-32, 31-31, 31-32,  FB-24, J3-37, J3-40, J3-45, J3-46, J3-49, J3-51, J3-62, J3-73) were used in these experiments. All were previously isolated from soil contaminated with heavy metals and aromatic solvents, near Seymour (IN). 13 These strains were chosen because of their high degree of genetic relatedness and characterized physiological differences.
14 The 16S rRNA genes sequences (DQ157984-DQ158006) were determined in a previous study. 15 All strains were plated, from original frozen stocks made from a single isolate, on to solid media of 0.1Â nutrient broth plus Bacto Agar (15 g L À1 ) (DIFCO, BD Biosciences, Franklin Lakes, NJ) and incubated at 25 C. Liquid cultures were grown from single colonies after they reached a diameter of 1 mm then was inoculated into 0.1Â nutrient broth and incubated at 25 C with shaking to an OD600 of 0.55; the end of the exponential growth phase to ensure consistent cellular morphology related to growth stage. One strain, Arthrobacter FB24 was chosen for analysis after growth on solid medium that included 0, 0.25, and 20 mM K 2 CrO 4 . This strain and chromate concentrations were chosen based on previous FB24 chromate resistance studies.
16,17
Sample preparation and Raman imaging Cultures grown in liquid media were collected by centrifugation at 14 000g for 5 minutes. Media was removed and cells were washed with 1 mL of sterile MilliQ purified water. This process was repeated three times then cells were re-suspended in 200 mL of sterile MilliQ purified water. For cultures grown on solid medium, single colonies were picked from agar plates after they reached a diameter of 1 mm, and suspended in 1 mL of sterilized MilliQ purified water. Due to growth inhibition induced by the highest level of chromate (20 mM) it was necessary to use multiple colonies from the same plate to obtain sufficient biomass for analysis.
Cell suspensions were serially diluted with sterile MilliQ purified water to a 200-fold final dilution and each dilution was spotted on to roughened gold coated glass slides (EMP Corp, 239 Cherry Street, Ithaca, NY 14850). Gold coated slides were chosen over introduction of nanoparticles to cultures because the introduction of nanoparticles might affect gene expression and result in environmentally induced phenotypes that are undetermined.
18 Cells were dried on the slides in a 37 C incubator then stored at 4 C. All samples were analyzed using the SENTERRA confocal Raman system (Bruker Optics, Billerica, MA) fitted with a near-infrared 785 nm diode laser, and a 50Â objective. An integration time of 140 seconds and a low laser power of 25 mW, at the source, were used for spectral acquisition to avoid damage to the samples. A spectral resolution of 9-15 cm À1 taken over a 90-3500 cm À1 spectral range with 25-35 spectra per strain was used for analysis.
Data preprocessing: outlier removal and normalization
All SERS data processing and statistical analysis was done using the R software. 19 Outliers were systematically removed by identifying spectra with large disparities because of technical errors including table vibration or failure to completely close the instrument doors (Fig. S1 †) . All spectra were then cropped to the fingerprinting region of interest 500-1800 cm À1 (ref. 20) .
Maximum intensity value was set to 1 to normalize spectra in each dataset.
Statistical classification
After normalization, both the liquid and solid media datasets were re-expressed using principal component analysis (PCA). PCA was performed with the prcomp function in the base R package 19 in order to visualize data separation between strains. The PC plots were created with the mixOmics R package. 21, 22 The optimal number of principal components was used with Linear Discriminant Analysis (LDA). The classification rates for each dataset were assessed using an adapted cross-validation sampling method where a validation dataset composed of three random spectra that were removed from each bacterial strain simultaneously. The validation set was classified after reanalyzing the remaining spectra in the training set using PCA/LDA classifier, which includes a separate cross-validation step for choosing the number of PCA components in the classifier. This process was repeated 100 times with the random removal of three spectra from each strain in every iteration. The number of spectra classified correctly was averaged in these repetitions.
Data for Arthrobacter strain FB24 grown in different chromate concentrations was preprocessed using the above method, then classified via Elastic net. 23 Elastic net is a version of penalized least squares that combines both Ridge and Lasso regression. Ridge regression shrinks (toward zero) the least square coefficients while Lasso both shrinks the coefficients and provides model selection. Analysis was performed using the glmnet.cv function in the glmnet package. 24 One must set the parameter a that controls the balance between the shrinkage and grouping of the wavenumbers. An alpha level of 1 is equivalent to Lasso regression while an alpha level of 0 is equivalent to Ridge regression. Classification was done at every level of a using 10-fold cross validation.
Hierarchical trees
Agglomerative, neighbor-joining, hierarchical trees were created from the two Raman spectral datasets (cells grown in liquid or solid culture), and the 16S rRNA gene sequences from each strain. Raman data trees were constructed from the mean spectra of each strain, and a Euclidean distance measure was calculated using the hc function in the mclust package.
25 Bootstrap values were calculated from 100 replications. The number of times a certain 'leaf' was maintained divided by 100 equals the bootstrap p-value. The 16S rRNA gene sequence (DQ157984-DQ158006) hierarchical tree was constructed within MacVector, 26 using a Jukes-Cantor distance measure. Two strains, J345 and J346, not included in the previously published tree 15 are known to have identical 16S rRNA gene sequences to strains to J336 and J340, respectively, in that publication.
Results and discussion

Data preprocessing and visualization
After the elimination of 10 outliers from the solid media dataset and zero from the liquid dataset, each were composed of 399 spectra and 470 spectra, respectively. Other more involved methods of normalization were forgone in favor of maintaining spectral decay, small spectral variations and mass flux information. These would have otherwise been removed or diluted with other previously reported methods of smoothing and baseline correction.
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Failure to preserve this information might compromise the detection of differences between strains that occur in narrow regions of the spectra. The spectra of cells grown on solid media were on an average noisier, had more background signal, than those from liquid media cultures.
The differences between spectra belonging to the same bacterial strain grown under different culture conditions indicated differences in surface composition of cells between the two growth forms (Fig. S2 †) . These differences in spectra were likely due to well established physiological differences between bacterial cells grown on solid surfaces versus liquid suspension.
28
Many pathogenic bacteria species have been shown to increase their expression of surface antigens when grown on solid media, as opposed to liquid. [29] [30] [31] Similar results were found in the cell surface macromolecules of common freshwater bacteria.
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Colonies growing on solid media are not called biofilms but their physiology is probably more similar to a biofilm than to planktonic cells grown in liquid media. The distinct differences in the spectra of Arthrobacter strains grown in solid or liquid media suggests that SERS could detect variability in cell surface composition due to differences in growth environment. The recognition of dissimilarity between liquid and solid culture conditions are important when addressing potential future applications of Raman spectroscopy for use in bacterial discrimination.
Principal component analysis (PCA) showed that the first two principal components (PCs) accounted for a total of 77.7% and 77.2% of the total variance in the data obtained from the liquid media and solid culture datasets, respectively (Fig. S3 †) . PCA is a linear dimensionality reduction technique that is often used with Raman data 4, 8, 23, 33 for visualization and dimension reduction prior to Linear Discriminant Analysis (LDA). The PC plots of the solid and liquid culture datasets showed separation between some but not all clusters, and clustering patterns were not similar between culturing conditions. If the spectra from each strain have a large percentage of their variation explained by the first two PCs, and definite repeatable similarities they should cluster together in the coordinate space. Other studies that have used PC plots to show the differentiation of SERS spectra from different bacterial strains have shown greater distinction, but have included fewer strains in their analysis.
4,34,35
Statistical classification
The goal of statistical classification of this spectral data was to determine the effectiveness of SERS in distinguishing between all fourteen Arthrobacter strains, and investigate differences in clustering between solid and liquid media datasets. The adapted cross-validation method of PCA + LDA, in 100 trials of leavethree-out, showed that the mean number of correct classifications for all liquid and solid media cultures of each individual strain were very similar (ranging from 85-100%) ( Table 1 ). This indicated that one strain did not disproportionately contribute to the overall classification error rate. These results also indicated that error rates were more likely due to spectral noise than underlying similarity of surface molecule composition between strains. The mean classification rate for the liquid and solid media datasets was 0.971 (97.1%) and 0.944 (94.4%), respectively. The mean classification rates were similar to other bacterial SERS studies using LDA, 5 but the classification rates are noteworthy given that fourteen strains of highly related strains were included.
Given that LDA demonstrated the ability to reliably discriminate between the spectra of each strain, the average spectra of each strain were used to create the hierarchical trees. These spectra had notable differences in the regions 500-1000 cm À1 and 1500-1700 cm À1 (Fig. 1) . Comparison of the hierarchical trees of SERS data from the two culture conditions showed the relative position of each strain was very different (Fig. 2a and b) . Surprisingly, there was not a single relationship conserved between trees, but bootstrap values >70 at every branch indicated a high degree of confidence. LDA and Support Vector Machines (SVM) have been the supervised statistical classification methods of choice used in conjunction with the Raman data, and have proven to be very effective for the analysis of spectra when paired with a variety of cross validation methods such as 10-fold or leave one out cross validation. adequately address the manner in which SERS would be used to identify samples with an unknown phenotypic characteristic. Therefore, an adapted cross-validation approach was used that more faithfully models the research problem that would arise when attempting to classify unknown spectra against a library of known spectra. This method is proposed as the most appropriate method for cross-validation because it adequately addresses the functionality of using more than one spectrum for bacterial classification. It also limits the reduction of power that occurs when a higher fold cross-validation is used with a limited dataset by uniformly reducing the power across all strain groups before prediction.
To investigate how statistical classification is affected by environmentally induced phenotypes compared to strain ID, two datasets were combined into a single tree (Fig. 3) . This tree indicated that culture condition, not strain ID is the dominant determinant of hierarchical relationship between branches. While not all liquid or solid media culture grown strains clustered together, two of the three clusters were composed solely of strains from a single culture condition, and all clusters had a majority of branches belonging to single media type. Only two preparations of the same strain clustered together: 31-32 and J3-40. This means that the molecular composition of the surface of these fourteen Arthrobacter strains not only vary considerably with growth conditions, but vary less between strains sharing the same growth condition than between the same strain grown in different conditions. This result is expected due to the extensive phenotypic differences documented in strains grown in various a Each rate was assessed using an adapted cross-validation sampling method in which three random spectra from each bacterial strain were removed simultaneously and classified against the remaining dataset after it was reanalyzed using PCA/LDA. Total of 100 trials of leave-three-out was performed. A rate of 1.00 indicates 100% correct classification for all trials. Fig. 1 Mean SERS spectra for all fourteen Arthrobacter strains grown in (a) liquid and (b) on solid media. Cells were dried on gold coated glass slides and spectra recorded with an excitation wavelength of 785 nm. culture forms 15,29 as discussed earlier and the studies showing that culture conditions can have a great effect on the resulting Raman spectra.
8,10
The SERS hierarchical cluster results when compared with those obtained from 16S rRNA gene sequences showed minimum correspondence between relative positions of strains in the two trees (Fig. 2 ). There were two strains, J3-40 and J3-46, which have identical 16S rRNA gene sequences (Fig. 2c) , but have distinct surface compositions according to SERS measurements ( Fig. 2a and b) . These results correspond to documented physiological differences between these two strains in growth rates and heavy metal tolerance.
14 There are only two strains whose relationship is conserved between the 16S rRNA sequence tree and the solid media SERS tree: strains 16-22 and 31-31 ( Fig. 2a and c) . The clusters shown in the Raman trees were, for the most part, not similar to those in the 16S rRNA gene sequence tree. This was anticipated because the 16S rRNA gene sequence is a phylogenetic measure of relatedness, and is not expected to correlate to bacterial phenotype differentiating very closely related strains. However, other studies in bacterial spectral clustering via Raman spectroscopy have found correspondence between the hierarchical clustering from Raman data and 16S rRNA gene sequence. 8, 37 The difference between the results of this study and previous published results is possibly rooted in both the number of strains analyzed and their degree of phylogenetic similarity. However, other literature has expressed skepticism over the idea of using SERS for phylogenetic classification.
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Arthrobacter FB24 grown in different chromate conditions
To investigate the applicability of SERS to identify induced changes in the cell surface in response to an environmentally relevant factor, a single Arthrobacter strain was grown in different chromate conditions. Perfect statistical classification of FB24 SERS spectra grown in three chromate concentrations (0, 0.25, and 20 mM) was achieved at every level of a from 0 to 1. This indicates that classification can be achieved from relatively small regions of the spectrum (a close to 1) or when almost the entirety of the spectrum is used (a close to 0). Elastic Net was chosen as the method of statistical classification because, unlike LDA, it allows for the visualization of discriminating wavenumbers for each strain. Plotting the coefficient estimates provided visualization of the a set at 0.489 (Fig. 4) . Strain FB24 grown in 0 mM and 0.25 mM Cr(VI) was associated with five or six spectral regions, but when grown in the presence of 20 mM Cr(VI) was not strongly associated with any spectral region.
The three chromate concentrations were chosen based on FB24 chromate resistance studies that found a chromate efflux transport protein 16 and many other membrane associated proteins up-regulated when chromate levels were greater than 5 mM. 17 We expected and found that Raman could also detect differences in surface proteins. Unlike proteomic analysis that requires a massive quantity of cells for analysis, SERS requires much fewer cells and should be able to assess cell-to-cell variability.
Spectra of FB24 grown in 0.25 mM Cr(VI) showed an overall decrease in spectral intensity (Fig. 5d) . This result was similar to another study in which microbes were grown in the presence of toxic metals at similar concentrations. 35 The large regions of the spectrum that corresponded to molecules known to be involved in biosorption of metals (approximately 800-1150, 1250-1450, and 1550-1750 wavenumbers) decreased in intensity when A peak indicates that correct classification of spectra is associated with the corresponding spectral region. A positive peak indicates higher intensity in that spectral region than other chromate levels and a negative peak indicates lower intensity.
Lactobacillus kefir was grown in the presence of low concentrations of heavy metals. Spectra of FB24 grown in 20 mM Cr(VI) were much more variable compared to the other two growth conditions (Fig. 5a-c) . A new hypothesis can be generated from this result; cell-to-cell variation in phenotype of FB24 grown in a high chromate environment causes high spectral variation due to the high variation in expressed surface molecules between cells. This hypothesis warrants further investigation in the future as a means of exploring the potential of SERS to determine phenotypic differences between single cells within a particular population.
The quality and consistency of Raman spectra is highly dependent on sample preparation and instrument parameters. A single Raman spectrum has many complicated features that are distorted or masked by perturbation, or ''noise'' from various sources of measurement error, such as, sample preparation, environmental instabilities and fluorescence. Another observed trend was an overall increase in spectral intensity with a high chromate environment (Fig. 5d) ; this may be due to noise-causing factors such as sample fluorescence. The large variation in spectra from FB24 grown in 20 mM chromate does show a potential for SERS to be used to detect changes in the biochemical composition of a sample as it relates to its function in the environment. It is possible that SERS signatures of bacterial cultures may serve as a fingerprint and allow for the study of specific surface phenotypic changes in cells performing a desired function such as metal reduction.
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Conclusions
Raman spectroscopy is an attractive technique for bacterial discrimination due to its capacity for fast sample preparation and small-scale measurement of molecular surface composition. The results of the adapted cross-validation method showed that SERS was able to measure distinct molecular differences on the surface of all fourteen closely related Arthrobacter strains with very low error rates. The hierarchical relationships between strains from the two datasets (i.e. liquid and solid cultures) were dissimilar. Elastic Net analysis was effective in identifying discrete spectral differences in a single strain grown under three different chromate concentrations. The approaches used in our study for spectral analysis indicated that SERS has the potential to identify molecular differences between cells due to exposure to different environmental factors. Our results demonstrate that SERS could be an effective technique for monitoring environmentally induced biochemical changes within environments of interest such as chromate (or other heavy metal) exposure. These biochemical changes may lead to the identification of differences in physiological responses of bacteria to variations in environmental conditions at a single cell as well as community level. Further investigation is needed to determine the effectiveness of using SERS to reproducibly identify discriminating spectral regions in response to specific environmental conditions when cell-to-cell variation is high. Additionally, the conservation of discriminating spectra between different bacterial strains still needs to be tested. 
